Abstract-Severe urinary retention is not a common condition, but may occur following some pelvic surgeries or other medical conditions. Electrical stimulation of the bladder has been examined as a means of managing this difficult problem. We conducted preliminary investigations in cats to prove the hypothesis that pelvic-plexus (bladder-neck) stimulation would produce greater micturition response with reduced side effects, such as animal movement or discomfort, than bladder-wall stimulation with electrodes implanted higher on the bladder wall. We used model microstimulators that mimic the look and function of commercial microstimulators, but that we constructed. We instrumented four female cats during a survival surgery. Animals recovered well and studies were conducted over a 1-month period in the conscious animal and under anesthesia. We performed a variety of studies with different stimulation parameters and electrode locations to evaluate our hypothesis. In the active animal, we supplied only low currents, but two animals responded to stimulation with bladder contractions and voiding. Following anesthesia, higher stimulating currents resulted in greater bladder contractions during stimulation in two of the three animals. In two cases, pelvic-plexus (bladder-neck) stimulation induced greater micturition responses than direct bladderwall stimulation. In conclusion, we learned from these preliminary observations that stimulation at the pelvic plexus (bladder neck) may induce a better micturition response than stimulation higher on the bladder-wall. Newly available commercial microstimulators should be further studied for the treatment of urinary retention.
INTRODUCTION
Urinary retention occurs for a variety of reasons, including spinal cord injury (SCI), extensive pelvic or anorectal surgeries, severe diabetes, and idiopathic causes. For example, some veterans have urinary retention following abdominoperineal resection for colon cancer, which disrupts many of the nerves that innervate the bladder. Individuals with refractory urinary retention usually have to conduct intermittent catheterization or use indwelling catheters to empty their bladders. Both of these methods are bothersome and are associated with urinary tract infections and other complications [1] . Electrical stimulation may allow for urination without catheters.
One effective stimulation method is neuromodulation with an electrode implanted adjacent to the third sacral nerve root at its foramen. Approximately 50 percent of patients tested and implanted for management of urinary retention have been able to regain voiding function [2] . Another stimulation approach not currently in clinical use is direct bladder-wall or pelvic-plexus stimulation. These approaches directly induce bladder contractions, either through stimulation of the motor nerves to the bladder or activation of micturition reflexes through stimulation of bladder sensory fibers [3] [4] [5] [6] .
End-organ stimulation at the bladder wall or the pelvic plexus has primarily been studied for refractory urinary retention following SCI [4] [5] [6] [7] [8] . Clinical investigations in this area have shown problems in some patients, including pain, increased urethral resistance, and ineffective micturition [6] [7] [8] [9] . Biocompatibility concerns with patient and animal implants have also been reported [7] [8] [9] . We have conducted animal studies in this area and recently reported that a suture electrode that extends across the plexus of nerves innervating the bladder was effective in inducing micturition [3, [10] [11] . We performed these studies both before and after SCI in the active animal. Other reports of end-organ stimulation exist [12] . A recent study has cited the benefit of stimulation of the bladder wall with electrodes on the end of a urethral catheter in the bladder in children [13] . Urinary retention in these individuals was due to a variety of disorders, and periodic stimulation resulted in improved micturition.
A major advance in the field of neuroprosthetics has been the introduction of microstimulators (Advanced Bionics, Sylimar, CA; Alfred E. Mann Foundation, Valencia, CA), which may be applied to stimulation for urinary retention [14] [15] [16] [17] [18] [19] . These small devices are less than 2.7 cm in length and less than 3 mm in diameter and have two electrodes, one on each end of the device. External coils provide power with radio frequency (RF) energy or with an internal battery. The devices can be implanted with minimally invasive procedures and are controlled externally with an RF control device. These devices could be considered for end-organ stimulation of the urinary bladder. We previously reported no migration and minimal connective tissue growth on these devices implanted on the bladder wall for a 3-month period in animals [20] .
For the current pilot study, we used model microstimulators (m-micros), which are devices that look and function like commercial microstimulators but have connecting wires tethered to external stimulators [21] . We implanted these devices on the bladder wall and pelvic plexus (bladder neck). We hypothesized that pelvicplexus stimulation at the bladder neck would be more effective than stimulation higher on the bladder wall in terms of a greater micturition response with reduced side effects.
MATERIAL AND METHODS
We compared the location of stimulation electrodes and the effects of various stimulating parameters for inducing bladder contractions in an animal model. We detailed the methods of making m-micros and animal instrumentation methods elsewhere [21] .
Animal Care and Maintenance
We studied four conditioned adult female cats from commercial vendors ranging in body weight from 3 to 4 kg. Each animal had a 2-week quarantine. The cats were maintained with environmental enrichment at all times. This study received Animal Studies Committee approval for ethical care of the animals and methods of device implantation. Housing for these animals was in individual stainlesssteel cages in rooms with temperature and photoperiod control at Hines Hospital Animal Research Facility (Hines, IL) (accredited by the International Association for Assessment and Accreditation of Laboratory Animal Care).
Instrumentation
The m-micros were made from Silastic silicone rubber tubing (Dow Corning Corporation, Auburn, MI) and multistranded stainless-steel cable [21] . The devices included positive and negative electrodes for bipolar stimulation. The electrodes were constructed from 20-stranded, 1 mil (1/1000 in.) stainless-steel wire (316LVM Cooner Wire Inc., Chatworth, CA) coated with Teflon insulation. The wire was stripped of insulation and the exposed portion formed into a rounded ball. We placed these ball electrodes at each end of 10 mm of Silastic tubing and secured them with medical grade Silastic adhesive. Instrumentation for urodynamics evaluation included urethral and anal electromyography (EMG), bladder pressure, and abdominal pressure measurements. EMG recording electrodes were created from the same insulated wire and the uninsulated end placed in a 20 gauge needle for insertion into the muscle of the pelvic floor. Two small-diameter Silastic tubes were implanted into the bladder to allow for bladder filling, emptying, and pressure measurement. A balloon catheter in the abdomen recorded abdominal pressure.
Surgery
We conducted an initial instrumentation surgery to implant the m-micros and lower urinary-tract monitoring devices. Animals were sedated (intramuscular ketamine hydrochloride 20 mg/kg), followed by inhalation anesthesia (1.5%-2.5% sevoflurane). To implant the m-micro on the pelvic plexus, we surgically exposed the bladder via a midline incision and sutured the devices to the fat pads adjacent to the urethra approximately 1 cm distal to the bladder neck. We previously reported that at autopsy, these implants placed distal to the bladder neck were all found located on the fat pad at the bladder neck [21] . We determined that the devices had moved to this location during the implantation as the bladder was returned to its natural position. We describe throughout this paper that the pelvic-plexus stimulation site for the m-micro was a pelvic-plexus (bladder-neck) location. We sutured two additional m-micros to the bladder wall above the ureters. A polypropylene (3-0) suture secured each m-micro. We inserted two EMG electrodes under the pubic bone adjacent to the striated urethral sphincter, and inserted two electrodes in the anal sphincter. We placed a final EMG electrode under the skin in the back as a grounding electrode. We sutured the bladder catheters into the dome of the bladder for bladder filling and pressure recording. We then tunneled and exteriorized electrode leads and catheters from the back below the shoulders and placed them in an animal jacket.
Postoperative Procedures and Studies
All the animals received antibiotics for 5 days and analgesics for 3 days or more as needed following surgery. The animals had small functional capacity bladders caused by irritation after instrumentation and were given oxybutynin (1.5 mg twice a day) to increase their bladder capacity. Oxybutynin was not given when studies were being conducted. Cats 3 and 4 developed urinary tract infections that were treated with oral antibiotics.
We conducted studies in active animals 2 to 4 weeks following the instrumentation. Urodynamics parameters recorded on an 8-channel recorder (Astromed, West Warwick, RI) included bladder and abdominal pressures, animal activity recorded with a pressure transducer connected to the animal's jacket, urethral and anal EMG, and volume voided. The first study we performed was cystometry, with the bladder filling at 5 mL/min until micturition occurred. Urine was collected in a funnel under the animal's cage, and the weight of the fluid was recorded as a measure of volume voided. Our testing showed an average 1.4 s delay from the time the urine was expelled before reaching the recording transducer that recorded the volume by weight. This delay was due to the approximately 22 in. between the animal and the collection beaker.
Our stimulation studies compared the m-micro on the bladder wall and pelvic plexus (bladder neck). We tested both unilateral and bilateral electrodes with an initial bladder volume one-half to two-thirds of cystometric capacity. We used two stimulators (S48, Grass, Quincy, MA) that included isolation, constant current, and capacitor-coupled pulsing. Stimulating parameters we used to compare the m-micros included a 3-s stimulation period, 40 pulses per second (pps) stimulation frequency, 0.3 ms pulse durations, and a current-response protocol. For this protocol, we increased the current from 1 mA to a maximum of 40 mA, and measured bladder pressure responses. Any side effects of stimulation, including animal vocalization, significant animal movement, or any other signs of discomfort resulted in discontinuation of the stimulation and further studies only at lower currents. Additionally, we found 1 ms pulse durations effective in some preliminary observations (data not shown). We showed some of the results with 1 ms pulse rather than the standard 0.3 ms pulse durations. For presentation of the current-response studies, we used a single current from the current-response study. It was the current that induced a strong bladder contraction with limited adverse effects. This is a current strength that might be considered important for clinical applications. Our additional studies included comparison of the m-micro stimulation during anesthesia (11 mg/kg ketamine and 0.75 mg/kg xylazine), which was performed on three of the four animals. During this protocol, we increased currents until moderate adverse responses were observed, such as body, leg, or abdominal movement. For the final study, we conducted fluoroscopic observation of the lower urinary tract during spontaneous bladder contractions and stimulationinduced voiding. Statistical results are presented as mean ± standard deviation (SD).
RESULTS
In Figure 1 (Cat 1), we show spontaneous bladder contractions during cystometry before and after anesthesia. Urodynamic responses to bladder filling (cystometry) in Cat 1: (a) Before anesthesia, at filling volume of 12 mL, bladder contraction of 11 cm H 2 O results in 16 mL voiding at maximal rate of 6 mL/s. Urethral electromyography (EMG) is reduced during voiding and no residual volume remained. Before filling began, 4 mL was present. (b) After anesthesia, at filling volume of 20 mL, bladder contractions are inhibited and bladder compliance is decreased, with baseline pressure as high as 24 cm H 2 O and voiding at low rate. Volume voided was 10 mL and residual volume was 10 mL.
* 10 s cuts in record for presentation.
Before anesthesia (Figure 1(a) ), a spontaneous bladder contraction occurs at a filling volume of 12 mL, and with a bladder contraction of 11 cm H 2 O. Cat 1 voided 16 mL, with a maximal flow rate of 6 mL/s. Since no residual volume occurred at the end of this void, bladder volume at the beginning of the cystometry was 4 mL. The animal was in a typical squatting position, and the EMG recording from the urethral sphincter was quieted during voiding. The abdominal pressure recording was not working during this session. However, some evidence exists of increased abdominal pressures by the rapid 10 cm H 2 O increase in bladder pressure 10 s before the micturition contraction. After anesthesia (Figure 1(b) ), spontaneous bladder contractions were inhibited and compliance was decreased, shown by increased baseline pressures. Bladder filling to 20 mL shows small bladder contractions and 10 mL of voiding with a 10 mL residual volume. The urethral EMG recording following anesthesia was too small to be interpreted.
In Table 1 , we summarize the cystometry results for the four awake animals and three anesthetized animals studied. Again, inhibited micturition response following anesthesia was shown by increased bladder filling and residual volumes, and decreased peak bladder pressures and urine flow rates. The average peak bladder pressures during voiding in the conscious animal were high. These high bladder pressures did not appear to us to be due to contractions of the urethral skeletal sphincter, since the height of the EMG record was reduced during voiding. Prolonged bladder contractions of 15 to 20 s when the bladder was empty was seen in two of the four animals, and may have been due to bladder irritation from instrumentation. After anesthesia, the bladder filling in all the animals was characterized by poor compliance and multiple small bladder contractions.
We show the micturition response to electrical stimulation before anesthesia in Figure 2 (Cat 4). Figure 2 details a series of stimulations from a current-response study with pelvic-plexus (bladder-neck) m-micros. Increasing stimulating current applied at 40 pps for 3 s on the left side (Figure 2(a) ) and then the right side (Figure 2(b) ) resulted in increasing peak bladder responses. Bilateral stimulation (Figure 2(c) (Figure 2(c) ) shows the urethralemptying reflex [7] .
We summarize the current-response studies for the two electrode locations in Table 2 (no anesthesia). Results are shown for a stimulating current that induced a maximal bladder pressure with no animal movement or vocalization. We conducted all stimulation with a single 3 s stimulation period with 40 pps and a pulse duration of 0.3 ms or 1 ms. Cats 1 and 2 vocalized at a low stimulating current, and we detected no bladder contraction for any of the electrode arrangements. Learned responses to stimulation appeared to be involved in these low stimulation thresholds for vocalization. For example, during initial studies, higher currents were used without any vocalization or discomfort to the animal. After several stimulations, vocalizations started at lower stimulating currents. The vocalizations did not appear to be due to sensitization or electrode movement effects, since currents had to be reduced by more than 50 percent, and on subsequent days only lower currents could be used. We noted that currents as high as 15 to 20 mA were used in Cat 2 without a bladder response. A side effect of the stimulation at these high currents was increased abdominal pressure.
Cats 3 and 4 responded to stimulation with bladder contractions without vocalizations or movement ( Table 2) . In these animals, bilateral stimulation was more effective than unilateral stimulation, and pelvicplexus (bladder-neck) stimulation was as good, or better, than bladder-wall stimulation. For Cat 3, stimulation with a single m-micro on the pelvic plexus (bladder neck) induced a bladder pressure of 60 cm H 2 O. Following stimulation (not shown in Table 2 ), the pressure continued to increase to >100 cm H 2 O when voiding occurred. The animal took a squatting position during and after stimulation indicating that stimulation was inducing a micturition stance and reflex. Cat 4 showed effective voiding with pelvic-plexus stimulation with a low residual volume. As in Cat 3, a prolonged bladder contraction following the short 3 s stimulation indicated activation of the micturition reflex. Variable bladder filling volumes are also listed in Table 2 . The small initial volumes of 5 to 10 mL in Cats 1, 2, and 4 probably reflected an ongoing cystitis that limited bladder filling.
In Table 3 , we post results from stimulation following anesthesia in the three animals studied (Cats 1, 2, and 3). We compare results from the two electrode locations at a current that induced a maximal bladder pressure with moderate adverse responses, such as increased abdominal pressure or leg movement. These stimulation currents were higher than could be used in the conscious animalinduced bladder contractions. Bilateral stimulation was superior to unilateral stimulation, and pelvic-plexus (bladder-neck) stimulation was as good as or better than bladder-wall stimulation. Cat 3 did not respond to stimulation with as high bladder pressures as observed while conscious. Ketamine and xylazine anesthetics have less effect on cystometric measurements than other anesthetics in rats, and evidence also exists that cats continue to have reflex bladder activity with ketamine anesthetic [22] [23] . However, results from Tables 1 to 3 indicate some decrease in the peak bladder pressure responses to bladder filling or stimulation following anesthesia.
In Figure 3 , we show fluoroscopic observations of the lower urinary tract during cystometry in Cat 3. With the bladder filled to near capacity, we saw the radiopaque enter the bladder neck and then advance to the striated urethral sphincter (Figure 3(a) and 3(b) ). Voiding followed shortly after when the striated urethral sphincter opened (Figure 3(c) ). Voiding passed through a narrow urethral meatus where the urine enters the distal end of the vagina before it is dispelled. We saw examples similar to the description of those found in Figure 3 in all four animals. We observed a second pattern of voiding in the animals where the urine passed through the striated urethral sphincter without delay. Fluoroscopic observations of bladder and urethra during and following stimulation (images not shown) appeared similar to the description for spontaneous bladder contractions. Voiding only occurred when the striated urethral sphincter opened. 
DISCUSSION
For this pilot study, we looked at effects of stimulation of the bladder with model microstimulators in a conscious animal model. We associated several factors with inducing high bladder pressures. First, we could induce contractions only in animals that did not vocalize or move in response to stimulation at low currents. Second, with one exception, we found bilateral stimulation more effective than unilateral stimulation. Third, we discovered the pelvic-plexus (bladder-neck) location was as effective, or more effective, than the bladder-wall location, except in a single animal under anesthesia. We observed voiding during stimulation in the conscious animal at this site in two of four animals. Both bilateral stimulation and sites near the bladder neck or base of the bladder have been cited as important locations for bladder stimulation [4] [5] [11] [12] [23] [24] . However, potential concerns arise over stimulation at the bladder neck or base of the bladder in humans. Stimulation at this site may induce bladder neck closure, causing urethral obstruction [8] [9] . Clinical application of microstimulators may require placement of electrodes higher on the bladder wall.
The protocol we used in this study is a poststimulation protocol, where stimulation is applied for a short period (3 s), at a high frequency (40 pps), and at the highest current that does not result in any discomfort to the animal. These parameters are similar to previous reports of effective stimulation protocols with end-organ stimulation [4, [6] [7] [8] 24] . The stimulation may induce micturition reflexes. The sustained bladder contraction after the end Table 2 . Urodynamics responses comparing bladder-wall and pelvic-plexus (bladder-neck) stimulation in conscious animal. We used stimulation at high current, which induced maximal bladder pressure with no adverse responses, such as movement or vocalizing.
Organ M-Micro
No. (1 or 2) of stimulation (Figure 2 and Table 2 , Cats 3 and 4) indicates to us a strong micturition reflex component to the responses. For this paper, we provide an important description of lower urinary tract function in this animal model. First, there is a long urethra, 4 to 5 cm, resulting in a bladder that is high in the abdominal area. This can be contrasted to the human, where the bladder lies directly above the pelvic floor. Bladder-wall electrodes in the cat are some distance from the pelvic floor and would be less likely to induce pelvic floor contraction from current spread than in humans. Second, male cats, dogs, and rats have a phasic voiding pattern not seen in these female cats [11] [12] [25] [26] . In Figure 2(c) , we show that the female cat has the potential for phasic pelvic floor activity. Spiking occurs in the EMG record after voiding and during continued elevated bladder pressures. In addition, the large EMG response when the bladder pressure declined shows strong urethral closure activity similar to responses reported for other quadruped animals [11] [12] . Third, our fluoroscopic observations indicated that the long urethra from the bladder neck to the striated urethral sphincter was passive and opened with increased bladder pressure. The striated urethral sphincter regulated urine flow both during spontaneous and stimulation-induced voiding.
Several features of the m-micro are important and warrant further use in preclinical research. The device is simple to implant. The electrode remained secured on the bladder wall or fat pads at the bladder neck and did not have some of the erosion and migration problems previously reported for devices implanted on the bladder wall [8, 10, 27] . However, the period of implantation in this study was only a few months. We previously reported autopsy results for these animals that showed extensive connective tissue growth on the bladder walls, which is associated with the extensive instrumentation used in these studies [21] . This observation is in contrast to our prior study with commercial microstimulators on the bladder wall [20] . In that study, we observed very little encapsulation response on the bladder wall. A potential disadvantage of the m-micro electrode is its small size. It does not extend over a larger portion of the bladder wall containing dispersed pelvic-plexus nerves. We previously reported that a suture electrode extended over a large portion of the bladder base was an effective electrode [11] [12] . Stimulation in five conscious male cats with intact spinal cords resulted in micturition in all the animals. Thus, we propose future studies to compare suture electrodes and microstimulator electrodes in the same animal model.
CONCLUSIONS
Electrical stimulation to the bladder or pelvic plexus has the potential to be an important new method for management or urinary retention. Our preliminary observations indicate that stimulation of the pelvic plexus is more effective than direct bladder stimulation. In two of the four animals in this study, this location was effective for inducing bladder contractions and voiding with a minimum of side effects. M-micro or commercial microstimulators should continue to be investigated for promoting micturition reflexes for conditions such as refractory urinary retention. These devices have important advantages, such as small size, allowing implantation with minimally invasive techniques. Future work should further investigate effective stimulation protocols. In particular, a comparison needs to be conducted between long suture electrodes and small microstimulator electrodes for inducing bladder contractions with a minimum of side effects. Fluoroscopic observation of lower urinary tract during bladder filling (Cat 3): (a) bladder filling to near cystometric capacity results in opening of bladder neck and at same time, (b) urine extends to striated urethral sphincter, and (c) short period after, skeletal urethral sphincter opens, resulting in voiding. Narrow urethral meatus is shown.
